Introduction
Damage to the nervous system, caused by mechanical, thermal, chemical, or ischemic factors, can impair various nervous system functions by the interruption of communications between nerve cell bodies and their targets. Without appropriate interventions, injury sites are generally occupied by dense scar tissue. Any projection from the cell body of a neuron can be referred to as a neurite, and this projection can be either an axon or a dendrite. While the axon, a nerve fiber conducting nerve impulses away from a neuron cell body, is free to be rerouted around the scar region, this may be at the expense of losing connections with its intended targets. Therefore, to help regenerating axons cross the lesion area and guide them to appropriate targets represents an important step in the early regenerative process in which bioengineering approaches may be effective.
One way to help is by creating an artificial growth-permissive substrate to connect the gap between damaged nerve tracts across the scar. Such a substrate with the two ends spanning across the lesion gap is defined as a bridge or bridging substrate. A bridge can be constructed from biomaterials, cells, and/or tissues, or a combination of biomaterials and cells based on tissue-engineering concepts ͓1-4͔.
Some bridges were shaped into guidance channels with tubular structures in an attempt to protect the regenerating axons in the lumen from the external wound-healing environment. Among a variety of tubular structures used for guidance channels, a semipermeable hollow fiber membrane ͑HFM͒, a widely used structure for microdialysis probes ͓5-9͔ and cell-encapsulation devices ͓10-13͔, shows very promising results in promoting axonal regeneration both in vitro and in vivo ͓1,2͔. HFMs can reduce the infiltration of fibrous tissue, provide a conduit for the diffusion of neurotropic and neurotrophic factors, increase the concentration of endogenous proteins inside the channel, and present a barrier to selectively permit or inhibit the diffusion of macromolecules between the bridging device and the surroundings ͓3,4͔.
However, the HFMs used so far lack guidance cues because the diameter of the typical HFMs is far bigger than the physiological size of the neurites, projections from the cell body of a neuron. To overcome this problem, thin filaments ͑5 m in diameter͒ have been entubulated into the HFMs, and such an approach showed increased orientation and outgrowth rate of regenerating neurites ͓14͔. Recently, it has further been shown that oriented assemblies of nanofibers were also efficient in directing oriented regeneration of neurites ͓15,16͔. In addition to the approach of using small diameter filaments/fibers, the alternative approach to increase the guidance role of semipermeable HFMs is to generate aligned grooves on the inner surface of semipermeable HFMs. To this end, semipermeable HFMs with highly aligned textures on their inner surfaces were demonstrated for promoting nerve regeneration ͓17,18͔. Axonal outgrowth on the HFM with aligned grooves showed the highly aligned orientation and improved axonal outgrowth length. To further illustrate this fabrication process and explore the possible underlying mechanism, this paper aims to introduce this wet phase-inversion fabrication process to make grooved HFMs, propose the groove formation mechanism, and investigate its effectiveness on the axonal outgrowth as the first step to bridge manufacturing science and biomedical research in fabricating HFMs. Some modeling approaches have been proposed to help understand the fabrication process although the detailed simulation and validation study is still under further development and improvement.
2 Experimental Setup 2.1 Basics of the Phase-Inversion Process. Phase inversion is a popular process for preparing a variety of polymeric membranes through four main ways: evaporation of the solvent, thermal precipitation, immersion precipitation, and vapor precipitation. Using a typical immersion precipitation technique, a homogeneous polymer solution consisting of a polymer and an adequate solvent with or without an additive is cast as a thin film on a support or extruded through a die, and is subsequently immersed in a nonsolvent bath; precipitation can occur because the good solvent in the polymer solution is exchanged for nonsolvent ͓19,20͔. During this process, a homogeneous polymer solution consisting of a polymer and an adequate solvent is cast through a hollow spinneret and a coagulant flows through the inner lumen, and then both of them are immersed in a coagulation bath with or without passing an air gap. The diffusive exchange and convective induced mass transfer of solvent and nonsolvent introduce a liquid-liquid phase separation to the polymer solution, and the formation of a polymer-rich ͑PR͒ phase and a polymer-lean ͑PL͒ phase in the solution lowers the Gibbs free energy of mixing.
Materials and Methods.
In this study, the immersion precipitation technique, as shown in Fig. 1 , was selected to fabricate HFMs with aligned texture on the inner surface, which is also called a wet phase-inversion process. A medical-grade aromatic polyether based polyurethane ͑PU͒ manufactured by Noveon ͑M w = 40,000-70,000 Da; Thermedics Polymer, Wilmington, MA͒ under the registered trademark name of Tecothane® was used as a model nondegradable polymer for textured HFM fabrication. Poly͑DL-lactide-co-glycolide͒ ͑PLGA͒ 50/ 50 copolymers ͑M w = 51,900 Da; Birmingham Polymers, Inc., Birmingham, AL͒ and phthalized chitosan were also employed as two model degradable polymers for textured HFM fabrication; however, this paper focuses on the HFM formation using PU as a representative process. Dimethyl sulfoxide ͑DMSO͒ ͑Sigma-Aldrich Chemical Company, Inc., Milwaukee, WI͒ was used to make the polymer solution. Polymer solution was prepared by mixing PU and DMSO with constant stirring. Semipermeable HFMs were formed from the polymer solution using an annular spinneret with a bore liquid nonsolvent of de-ionized water, which functions as a coagulant/precipitant. Fig. 2 , the spinneret, which consists of an inner tube with an inner diameter of 1.40 mm and an outer diameter of 1.64 mm, and an outer tube with an inner diameter of 2.29 mm, is the key of this phaseinversion process. Some key experimental information is also shown in Table 1 . The polymer solution was pumped at 0.8-2.2 ml/ min and the bore liquid of de-ionized water at 2.0-7.0 ml/ min. HFMs were precipitated from the luminal surface while traversing a 0 -20 mm air gap before entering a room temperature ͑25°C͒, de-ionized water ͑nonsolvent͒ collection bath. Morphological analysis of the membranes was conducted using scanning electron microscopy ͑SEM, JEOL͒. Membranes were allowed to air dry in a laminar flow hood prior to SEM analysis. Samples were fixed on SEM sample holders using a conductive type and sputter coated with gold at a thickness of 50-70 nm using a Cressington 108 AUTO sputter coater with a current of 30 mA for 2 min.
Experimental Setup and Design. As shown in
Aligned grooves on the inner surface of HFMs can only be formed under certain carefully controlled conditions. In order to investigate the effect of fabrication parameters such as polymer solution flow rate, water ͑inner coagulant͒ flow rate, and polymer solution concentration on the texture formation, three experimental scenarios were designed, as in Table 2 . Transactions of the ASME with grooves on the inner surface. Most previous studies on the HFM formation focused on generating and process modeling of asymmetric, semipermeable membranes with a smooth inner surface ͓19,21,22͔, as shown in Fig. 3 , and very few have tried to generate textures on the inner surface of HFMs, as shown in Fig.  4 . This section discusses the formation mechanism of HFMs, especially HFMs with the groove texture inside.
PU/DMSO/Water Ternary Phase Diagram.
For the wet phase-inversion process in this study, all the possible combinations among polymer ͑PU͒, solvent ͑DMSO͒, and nonsolvent ͑wa-ter͒ can be plotted in a triangle, as shown in Fig. 5 . Such a triangle is normally called the ternary phase diagram. For this study, this triangle is for the PU/DMSO/water system. Three corners represent the pure components, the axes the three binary combinations, and a point in the triangle a ternary composition.
HFMs in this study were cast using the spinneret shown in Figs. 1 and 2. During the air-gap stage, the inner surface wet phase inversion happens for a direct contact of the polymer solution with water. After passing through the air gap, the solution is immersed in the water bath, and the composition of the solution changes due to precipitation. This process can be described with a virtual composition path of the polymer solution in the ternary phase diagram, as shown in Fig. 5 . First, the solution starts from a point on the border of PU/DMSO. Before the solution passes the binodal line, the solution is still thermodynamically stable and forms a clear, homogeneous, and single phase. After the solution enters Region II, then the solution evolves into a two-phase state. Within Region II, the solution is metastable; however, the solution in Regions III and IV is unstable where decomposition happens spontaneously. The obvious difference between the two sides of the binodal line is that the bath becomes turbid due to a liquidliquid phase separation. If the composition path passes the gelation point-defined tie line and enters Region IV, a liquid-solid phase separation becomes predominant. The solution is separated into the solid ͑PR͒ and liquid ͑PL͒ phases, which are marked by points R and L in the phase diagram. Under some circumstances, if the concentration of polymer is high enough in the initial solution, the solution may enter Region V where the solution becomes glassy directly.
In the framework of the Flory-Huggins description of polymer solutions, the size and location of the demixing gap depend on the molar volumes of the components, the polymer-solvent interaction parameter, the polymer-nonsolvent interaction parameter, and the solvent-nonsolvent interaction parameter ͓23͔. The influence of the parameters can be summarized as follows ͓19͔.
• A polymer-nonsolvent interaction parameter ͑ 13 ͒ determines, to a great extent, the surface area of the liquid-liquid demixing gap. High polymer-nonsolvent interaction parameters imply that the point of intersection of the demixing gap with the polymer-nonsolvent axis is located at very high polymer concentrations.
• Polymers and solvents with low mutual affinity ͑high 23 ͒ increase the magnitude of the demixing gap, especially at low values of 12 .
• Low compatibility of solvent-nonsolvent mixtures ͑high 12 ͒ results in large differences in solvent/nonsolvent ratio in the equilibrium phases. Solvents and nonsolvents with high mutual affinity ͑low 12 ͒ strongly increase the magnitude of demixing gaps. This concentration-dependent DMSO/water interaction parameter 12 can be approximated as follows ͓20,24͔:
where u 2 = 2 / ͑ 1 + 2 ͒, 1 and 2 are the volume fractions of water and DMSO in the solution.
The solvent-nonsolvent interaction parameter 12 is the major controlling parameter in the solvent-nonsolvent exchange process. Some distinct features of the polymer/DMSO/water system phase diagram are ͑1͒ extremely narrow miscibility gap, ͑2͒ close gelation point to the binodal curve, and ͑3͒ almost parallel tie line passing through the gelation point to the polymer and DMSO side ͓24͔.
Prediction of HFM ID/OD Ratio.
By ignoring the surface tension, the inertial and shear viscosity of fluid, the end effect of spinneret, and the convection effect between the solution and coagulant, and assuming the membrane as an axial symmetric structure, the process dynamics can be modeled based on the equations of continuity, momentum conservation, and mass transfer ͑solvent͒ of a nascent hollow fiber as follows ͓22,25͔. 
ͪͪ ͑5͒
where is the density of nascent hollow fiber, r and z are the velocities of r-and z-components of the nascent hollow fiber, respectively, C is the solvent concentration in the nascent hollow fiber, K diff is the diffusion coefficient of solvent in the nascent hollow fiber, g denotes the gravitational constant, p is the isotropic pressure, and ij are the stresses, as shown in Fig. 6 . When the HFM immerses into the water bath, the inner water and membrane have almost the same velocity, so the following diameter ratio can be estimated as follows ͓22,25͔:
where ID f and OD f are the final inner and outer diameters of the HFM, if and of are the final densities of the inner coagulant and the polymer solution, and w if and w of are the flow rates of inner coagulant and polymer solution. In addition to the OD f / ID f ratio, the ID f and OD f information can be further calculated based on the velocity and other initial/boundary conditions ͓25-27͔. Figs. 3 and 4 , typical semipermeable HFMs are made from three layers: dense inner and porous outer skin layers, and macrovoids formed in the intermediate layer. The dense ͑also porous͒ skin layers are formed due to a higher local polymer concentration. The dense inner skin layer is attributed to a high local polymer concentration along the inner surface as the result of the extremely rapid solvent outflow relative to the nonsolvent inflow ͓28,29͔.
Formation Mechanism of Grooved Surface

Skin Layers and Macrovoid Formation. As shown in
There are several theories that describe the macrovoid formation ͓30͔. The initiation of macrovoids was proposed to be caused by ͑1͒ formation of convective cells close to the interface, ͑2͒ rupture of the top layer by the mechanical stress, ͑3͒ presence of Transactions of the ASME weak points in the top layer, or ͑4͒ nucleation of droplets of the PL phase ͓31͔. Smolders et al. ͓31͔ have further suggested that the macrovoid growth is controlled by diffusion flows, which means the relative kinetics of the growth of polymer poor droplets and the exchange rate of solvent for nonsolvent. Typically, there is a large amount of solvent in the polymer poor droplets, and delayed demixing causes a net solvent inflow from the surroundings into the droplet. In order for a macrovoid to grow, the droplet growth rate must be sufficiently rapid to prevent it being taken over by the rapid precipitation/gelation front. Macrovoids are usually associated with the instantaneous precipitation, and the delay in the onset of demixing also results in the disappearance of macrovoids. It should be pointed out that so far there is no observed dependence of axonal outgrowth on the skin layer and/or macrovoids.
Groove Formation Mechanism.
HFM inner surface nonuniform irregularity has been observed before ͓32,33͔, and the formation mechanism has been concluded as due to the vitrification of the inner surface with precipitation process of different sublayers in the membrane ͓32͔ and the formation of vacuum condition in the lumen side of the fiber, which caused by rapid formation of dense skin inner layer ͓33͔. Unfortunately, no one has attempted to fabricate uniformly aligned grooves and further explore the formation mechanism of aligned grooves.
Capillary wave is commonly observed in the spinodal decomposition as a result of the chemical energy gradient on the interface. As shown in the binary phase diagram ͑Fig. 7͒, if the state point ͑concentration C and temperature T͒ of a polymer solution lies inside of the spinodal lines, long wavelength concentration fluctuations ͑exceeding a critical wavelength͒ will be unstable and grow spontaneously in the bulk of the system ͓34͔. Then, the liquid surfaces are continually roughened by the chemical energy gradient on the interface. For the thin membrane, these kinetic motions can be decomposed into a discrete set of Fourier modes along the longitudinal direction ͑dilational modes͒ and transverse modes ͑capillary modes͒. The relationship between the frequency and wave number of these Fourier modes can be described by a Hamiltonian ͓35͔.
The cross sectional area of HFMs is taken to consider the texture formation. During the mass transport process ͑diffusion and convection͒ at the interfaces, the surface tension gradient is justified as the only possible driving force for initiating convective flows near the surfaces ͓36͔. Once initiated, these flows may be enhanced or damped by other factors such as localized changes in concentration, temperature, viscosity, etc. On the inner surface, this kinetic flow motion may be enhanced after it is excited by the surface tension gradient. As shown in Fig. 8 , the final profile of the inner surface can be modeled as sinusoidal along the circumferential direction as follows ͓37͔:
͑7͒
where ⌸ is the surface pressure, ⌸ 0 is the amplitude of the surface pressure, is the growth rate as defined as 2 =1/ 2͑⌫ / e͒q 3 , ⌫ is the line tension, and q =2 / is the surface wave number, where is the wavelength. is the bulk density, e is the thickness of the membrane, t is the time, x is the perimeter direction, p is the planar motion generated by the gradient of surface pressure, and p0 is the amplitude of the planar motion. In general, it is considered that the groove texture is initialized by the chemical potential gradient such as the surface tension gradient and/or thermal fluctuation in the bulk solution and/or the interface between the solution and water ͑inner coagulant͒. The induced groove growth rate can be analyzed using a perturbation method. If the growth rate is positive, grooves are expected to grow during the phase-inversion process, and vice versa. All these combined effects maybe lead to the groove texture on the inner surface with the dominant frequency under some specific conditions, which will be discussed further in Sec. 4.
Solvent evaporation usually happens when there is an air gap ͓38͔. When the rate of solvent evaporation is fast enough, the outer skin forms a solid interface due to solvent evaporation, which reduces the possibility of groove formation. Although DMSO evaporates very slowly, the outer layer still forms before immersing into the nonsolvent bath maybe due to the solvent evaporation-induced high polymer concentration. Then, the kinetic flow motion is damped very quickly. Even if there is no air gap existing, the perturbation-based groove growth stability analysis always leads to a negative groove growth rate on the outer surface, which means that any surface tension gradient and/or thermal fluctuation-induced surface variations eventually disappear. Generally, the grooves or surface irregularity do not exist on the outer surface of HFM.
Experimental Results and Discussion
Results of HFM Formation.
The phase-inversion experimental results for three designed scenarios in Sec. 2.3 are listed in Tables 3-5. As seen from Tables 3 and 4 , there is a range for the polymer solution and inner coagulant flow rates to generate the aligned groove texture on the inner surface of the HFMs when fixing other conditions. Also as seen from Table 5 , there is a maximum concentration value of the polymer solution to generate the groove texture. It can be concluded that the formation of the aligned groove texture is very sensitive to the operating conditions. Typically, the density of DMSO is taken as 1.10 g / cm 3 and that of PU as 1.20 g / cm 3 , then based on the experimental data, most of the calculated ID f / OD f ratios match the predictions using Eq. ͑6͒. It is shown that the thickness ͑difference between ID f and OD f ͒ of the HFM monotonously increases when the flow rate ratio of the polymer solution to the inner coagulant or the polymer solution concentration increases. The final inner diameters ͑ID f ͒ are always smaller than the ID of the spinneret for all three scenarios, and the final outer diameters ͑OD f ͒ are also smaller than the OD of the spinneret. Since there was no take-up velocity, this observation is mainly due to the effect of the gravity and possible HFM shrinkage. Tables 3-5 , while the HFM thickness was relatively stable under different scenarios, the HFM final inner and outer diameters decreased with the increasing polymer solution flow rate and polymer solution concentration but increased with the increasing inner coagulant flow rate. For the grooved HFM, it is found that both the groove full width at half maximum ͑FWHM͒ and height increased with the increasing polymer solution flow rate and the polymer solution concentration but decreased with the inner coagulant flow rate, and they were all at the order of 10 m under scenarios investigated. Figure 9 also shows the morphology evolution under the effect of the polymer solution flow rate within the valid texture forming range.
Morphology of HFMs. As seen from
In Vitro Dorsal Root Ganglion Regeneration Assay.
Two groups were assigned in the dorsal root ganglion ͑DRG, a nodule on a dorsal root containing cell bodies of neurons in afferent spinal nerves͒ regeneration assay. Experimental group tested was PU HFM with aligned textured inner surface. The average groove height was 40Ϯ 7 m, and the FWHM was 50Ϯ 9 m. Control group tested was smooth inner surface HFMs with the same inner and outer diameters. Two types of HFMs were cut into 5 cm long and secured in the culture dishes using LCM-23 glue ͑Luxtrak, Ablestik Electronic Materials & Adhesives; Rancho Dominguez, CA͒. After sterilized with ␥-irradiation, HFMs were rehydrated with 0.1M phosphate buffered saline ͑PBS͒ for 12 h, then coated with poly-L-lysine ͑50 g / ml, Sigma-Aldrich͒ and laminin ͑10 g / ml, Sigma-Aldrich͒ for 2 h, each in a 37°C incubator with 5% CO 2 and 95% humidity.
DRG explants were isolated from postnatal day 1 rats. DRG explants were individually removed from the spinal column, placed in a dish of ice-cold L15 medium ͑Gibco, Rockville, MD͒, and the nerve roots were stripped using sharp dissection forceps. Individual DRG explants were carefully placed into one end of HFMs. Explants were cultured in DMEM:F12 ͑Gibco͒ supplemented with 10% ͑v / v͒ fetal bovine serum ͑Hyclone, Logan, UT, USA͒, 25 g / ml gentamicin, and 10 ng/ ml nerve growth factor ͑Gibco͒. At 7 days, the samples were fixed in 4 % ͑w / v͒ paraformaldehyde in 0.1M PBS for 2 h and were processed for staining using indirect immunohistochemical techniques.
The samples were permeabilized with 0.5% Triton-X-100 ͑Sigma-Aldrich͒ for 15 min and treated by sequential 1 h steps of primary and secondary antibodies at room temperature. Primary antibodies were diluted 1:200 in Hank's balanced salt solution containing 0.05% ͑w / v͒ sodium azide ͑Sigma-Aldrich͒ and 5% heat-inactivated donor goat serum ͑Gibco͒, buffered to pH 7.4 with HEPES ͑Sigma-Aldrich͒. Primary antibodies used included monoclonal mouse anti-beta-III-tubulin ͑Sigma-Aldrich͒ to identify neurons and neurites. Secondary antibodies were conjugated to Alexa 488 ͑Molecular Probes/Invitrogen͒ and diluted 1:200 in Hanks balanced salt solution. Following a final wash in 0.1M PBS, the samples were placed on a glass slide, coated with Flouromount-G ͑Southern Biotechnology Associates͒ to retard fluorescent decay, and covered with a glass coverslip. The samples were viewed using a Nikon 2000S microscope equipped with epifluorescent illumination, selective filters, and a digital image capture system. The distance of neurite outgrowth was determined by measuring the distance from the edge of the DRG explant to the leading front of neurite positive staining.
Biological Tests Using Grooved HFMs.
Following fixation and immunocytochemistry staining, neurons were shown growing into the HFMs. In the HFMs with aligned grooves, regenerated neurites were aligned and parallel to the direction of the grooves, as shown in Fig. 10 . In contrast, regenerated neurites were not well aligned on HFMs with smooth inner surface. DRG explant regeneration assay also demonstrated that highly aligned textures on the inner surface of semipermeable HFM can significantly increase the neurite outgrowth rate. It was found that the outgrowth rate of DRG neurites was up to 1.4Ϯ 0.4 mm/ day in the HFMs with aligned texture inner surface and was 0.8Ϯ 0.3 mm/ day in the HFMs with smooth inner surface. The results demonstrated that aligned textures have the roles to promote neuronal regeneration and increase the directionality of regenerating neurites. "part of Scenario 1 in the experiment design… were "a… 1.2 ml/ min, "b… 1.6 ml/ min, and "c… 1.8 ml/ min with a constant water flow rate of 4 ml/ min
Conclusions and Future Work
The paper reports a new fabrication method to make semipermeable HFMs with a textured inner surface to guide the axonal outgrowth. Under selected conditions, the groove texture can be formed on the inner surface of the HFMs, and such grooves proved to be efficient and effective in helping axons to outgrow faster and more directionally. The grooved HFM formation mechanism has been explored in terms of phase separation and fluid instability, and the mechanism is to be further modeled and validated both qualitatively and quantitatively. Such a modeling study is expected to eventually lead to a quantitative model for a controlled groove formation process of textured semipermeable HFMs.
So far, the experiments demonstrated that highly aligned texture can be fabricated on the PU HFMs. To verify whether this groove formation process is material dependent or not, several other biocompatible polymers have been tested as well. Highly aligned textures were successfully fabricated on the biodegradable PLGA and chemically modified chitosan HFMs, which indicates that highly aligned textures can be formed on the HFMs of different materials although the groove forming parameters for different materials may not be the same. At this phase, this paper just reports representative results in making the PU HFMs. 
